Rainfall variability plays an important role in many socio-economic activities such as food security, livelihood and farming in Ghana. Rainfall impact studies are thus very crucial for proper management of these key sectors of the country. This paper examines the seasonal and annual rainfall variability in the four agro-ecological zones of Ghana from the CHIRPS V2 rainfall time series spanning a period of 1981-2015. The rainfall indices were computed with the aid of the FClimDex package whereas the trends of these indices were further tested using the Mann Kendall trend test. The results show good agreement (r ≥ 0.7) between CHIRPS V2 and gauge in almost all portions of country although high biases were observed especially in DJF season over parts of the Northeastern (NE) portions of the country. The mean seasonal rainfall climatology over the country is observed to be in the range of 20 -80 mm, 60 -200 mm, 100 -220 mm and 40 -180 mm in DJF, MAM, JJA and SON seasons respectively with high intensities of rainfall dominating Southwestern portions of the country. The trend analysis revealed positive trends of consecutive dry days in the Transition, Forest and Coastal zones and negative trends in the Savannah zone of the country. Decreasing trends of consecutive wet days are observed over the Savannah, Transition and Coastal zones whereas increasing trends dominate the Forest zone. Savannah, Forest and Transition zones show weak increasing trends of the number of heavy rainfall days whilst weak decreasing trends are observed over the Coastal zone of the country. Similarly, weak increasing trends of the number of very heavy rainfall days are observed over all the agro-ecological zones except in the Transition zone. It is observed that the annual wet day rainfall total has increasing trend in the Savannah and Forest zones of the country whereas decreasing trends cover the remainder of the zones. The trends of these indices in the agro-ecological zones were all significant at a significant value of 0.05. This paper assessed the performance of the CHIRPS V2 rainfall data over the region and reports on 528 Atmospheric and Climate Sciences the biases in seasonal rainfall amounts which are limited in previous studies. These findings have adverse impacts on rain-fed agricultural practices, water resource management and food security over the country.
Introduction
In recent times, Ghana has been reported to be enormously impacted by periodic and protracted rainfall variability which is manifested in the form of droughts, floods, wet and dry spells among others [1] [2] [3] [4] [5] . The country greatly depends on rainfall for a manifold of their activities although agriculture, water supply and hydro-electricity production have been a major challenge [6] [7] . For instance, rainfall variability impacts the agro-ecological and growing conditions of crops and livestock. However, the agricultural practices of the country which are very predominantly rain-fed, provide employment to over 70% of citizens and about 28% of Gross Domestic Product (GDP) [8] [9] . Recent studies have also highlighted climate variability as the greatest hurdle to the realization of the first Millennium Development Goal (MDG1) of reducing poverty and food insecurity in arid and semi-arid regions of developing countries [10] . In Ghana, approximately 70% of the economically active population relies predominantly on agriculture for their livelihoods, however less than 2% of farmed land especially in Northern Ghana is irrigated [11] [12] . In consequence, the greater part of the country's agricultural production is threatened by rainfall variability. Furthermore, rainfall variability affects the hydroelectric power generation of the country as it forms about 64% of the country's power source [1] [12] .
In practice, rain gauges are the most accessible and relatively reliable means through which ground rainfall could be inferred however, their numbers and distributions are fast deteriorating in the African continent [13] [14] . As a result, studies on rainfall variability especially in West Africa have been given minimal attention compared to other regions considering that the datasets needed for such studies are scarce and only available for the last few decades [15] [16] . Due to this paucity in gauge data in the region, recent studies have explored alternatives such as satellite-based and reanalysis products to perform such related studies in the region [9] [17] [18] [19] [20] [21] .
In Ghana for instance, [17] analyzed the inter-annual trends and variability of rainfall over the four agro-ecological zones of the country using satellite and reanalysis products. Similarly, [9] also used the Global Precipitation Climatology Center (GPCC) data to analyze the annual and inter-decadal trends and variability of rainfall in the four agro-ecological zones of Ghana during 1901-2010. The African Rainfall Climatology (ARC2) satellite-based rainfall data have been explored to analyze rainfall trends during 1983-2012 in west-central Uganda and parts of equatorial Africa [18] . They found significant declining trends in rainfall in west-central Uganda during the two growing seasons of the region. In addition, [19] explored different gridded satellite precipitation datasets to analyze the trends and variability of rainfall in parts of Africa. The CPC (Climate Prediction Center) Merged Analysis of Precipitation (CMAP) data, which is a combination of gauge and satellite observations, has been applied to examine rainfall variability during 1961-2001 in the eastern African region [21] .
This study uses the Climate Hazards Group Infra-red Precipitation with Station data (CHIRPS V2) to examine the seasonal and annual trends of rainfall in the four agro-ecological zones in Ghana during 1981-2015. The paper also assesses the performance of the CHIRPS V2 rainfall data over the region as well as reports on the biases in seasonal rainfall amounts which are limited in previous studies. Section two briefly describes the study area and datasets. Section three is dedicated to the methodology whilst Section four presents the results and discussion. The conclusions are presented in Section five.
Study Area and Data

Study Area
Ghana is located in the West African tropics (between latitude 4.5˚N and 11.5˚N and longitude 3.5˚W and 1.5˚E) with its climate characterized by a typical tropical monsoonal climate system [17] [22] . The country shares boundaries with Cote d'Ivoire, Togo, Burkina Fasso and the Gulf of Guinea in the West, East, North and South of the country respectively and covers a total land surface of approximately 240,000 Km 2 [9] . The geographical location of the country makes its rainfall system highly variable spatio-temporally [12] [23] . It is the migration of the Inter-Tropical Discontinuity (ITD) that predominantly influences rainfall in the region. This meridional propagation of the ITD thus modulates the West African Monsoon (WAM). Ghana is dominated by two main rainfall seasons thus, the wet and dry. The dominance of the dry North-easterlies in the region brings about the dry season whereas the wet season is as a result of the dominance of South-westerlies in the region [9] [22] [24] . Per the Ghana Meteorological Agency (GMet) zonation, the country has been partitioned into four main agro-ecological zones thus, the Savannah, Transition, Forest and Coastal zones (see Figure 1 Figure 1 (b) Zone C). This region is wet all year round with a high annual mean rainfall amount of approximately 2200 mm per year. The Coastal zone as shown in Figure 1 (b) Zone D has a rainfall type which is controlled by sea-land breeze circulation. The zone inhabits sandy beaches and thus attracts tourist attention. It receives a mean annual rainfall of about 900 mm. The rainfall patterns of the Forest, Coastal and Transition zones are typically bi-modal whereas that of the Savannah zone is uni-modal [17] [22].
Data
In order to achieve the purpose of this study, gauge rainfall data from the Ghana Meteorological Agency (GMet) and satellite rainfall data from the Climate Hazards Group Infra-red Precipitation with Station data (CHIRPS V2) were applied.
GMet Gridded Gauge Data (GGGD)
The gauge rainfall datasets applied in this study were obtained from a dense network of 113 GMet rain gauge stations (see Figure 1 (a)). These datasets were obtained on a monthly temporal scale spanning a period of fifteen years (1998-2012). The period of data choice was mainly influenced by the availability of continuous data with less than 5% data gaps. The 113 GMet gauge stations are not evenly distributed over the country as they are relatively dense in the southern half of Ghana compared to northern half (see Figure 1 (a)). The rainfall datasets were first taken through a process of homogenization to get rid of all non-climate biases and further gridded with the minimum surface curvature (MSC) gridding procedure over the country. The production and validation of the GGGD is discussed in ( [24] , and references therein).
CHIRPS V2 Data
CHIRPS V2 is a satellite-based rainfall data which is available in various spatio-temporal scales [25] . However, for the purpose of this study, the daily product with spatial resolution of 0.5˚ × 0.5˚ for a period of 1981-2015 was explored. This product was selected based on its long time series, near-real time data availability, high spatio-temporal resolution and its free accessibility [25] [26] . CHIRPS V2 data is a blended rainfall product which is produced by combining data from a number of sources that include, in situ precipitation observations, pentadal precipitation climatology at grid scale, the Tropical Rainfall Measuring Mission (TRMM) 3B42 product from NASA, atmospheric model rainfall fields from NOAA Climate Forecast System (CFSv2), quasi-global geostationary thermal infrared (IR) satellite observations from the Climate Prediction Center (CPC) and the National Climatic Data Center (NCDC) (B1 IR) [25] [26] [27] .
Methodology
Daily rainfall data was first extracted from the quasi-global CHIRPS V2 data over Ghana for the period of 1981-2015 and applied for the analysis. Since the GMet gridded rainfall data is on a monthly scale, the daily CHIRPS V2 rainfall data was averaged to monthly fields for an unbiased assessment. CHIRPS V2 was then validated with reference to gauge on monthly and seasonal timescales for a period of 15 years (1998-2012) over the entire country and in the four agro-ecological zones (Savannah, Transition, Forest and Coastal) (see Figure 1(b) ). The quality of the data was further assessed using the Pearson correlation coefficient, bias, mean difference statistical measures applied in [9] [22] [24] . The Pearson correlation coefficient (r) measures the linear relationship between the satellite and the gauge estimates with range between −1 to +1. Bias measures the extent to which satellite under/over estimates gauge observations. A bias value of 1 is a perfect score; bias value > 1 is an overestimation whereas bias < 1 is an underestimation. The mean difference measures the absolute difference between the means of the observations and the estimates.
Afterwards, daily rainfall fields for a total of 560 grid points over Ghana were extracted from the CHIRPS V2 data. The extracted rainfall data for each grid in the agro-ecological zones were subjected to a homogenization procedure with the aid of the RHtestsV4 package described in [24] [28] [29] . RHtestsV4 uses the so called two-phase regression model to detect change-points in each grid's time series. This model is described in detail in [30] ( [29] , and references therein). Thereafter, the five selected extreme rainfall indices namely, Consecutive Dry Days (CDD), Consecutive Wet Days (CWD), Number of heavy rainfall days (R10), Number of very heavy rainfall days (R20) and Annual wet-day rainfall total (PRCPTOT) (see Table 1 ) were computed for all grids in the agro-ecological zones using the homogenized rainfall data with the aid of the FClimdex software package. The mean climatology for the selected extreme rainfall indices for the number of grids and the period of study were computed for all the agro-ecological zones. The trends for the extreme rainfall indices were computed for all grids applying the Mann-Kendall (MK) test described in ( [9] , and references therein) [17] [31] . The significance of the trends was tested by computing the p-values which were compared to a predefined significant value of 0.05. Grid points with p-values greater than 0.05 are non-significant whereas p-values less than 0.05 are considered significant. 
Results and Discussions
Validation of CHIRPS V2 Data (1998-2012)
As a foremost step, the CHIRPS V2 rainfall data was assessed with reference to the GMet gridded gauge data (GGGD) based on monthly and seasonal time scales for a period of 1998-2012. In [24] , it has been established that the GGGD gives a better representation of the rainfall patterns in Ghana than satellite and gauge-only gridded rainfall datasets at various spatio-temporal scales in the country. The GGGD owes its good quality to the relatively high dense (113) gauge stations over the country. However, these gauge distributions are comparatively low in numbers especially in the dry Savannah than in the rest of the agro-ecological zones (Transition, Forest and Coastal) and has a shorter time span. The mean monthly rainfall patterns observed from GGGD and CHIRPS V2 satellite product are displayed in Figure 2 . A very good temporal agreement is observed between GGGD and CHIRPS V2 throughout the entire country except for few portions with some relatively small disparities. Nonetheless, in order to ascertain the quantum of differences between these products, the Pearson correlation (r) and the Bias statistical measures are computed on a seasonal scale over the country for the period of study. The Pearson correlation which measures the strength of association or relationship between the products for the four seasons thus, December-January (DJF), March-May (MAM), June-August (JJA) and September-November (SON) is shown in Figure 3 . The mean seasonal rainfall patterns and mean difference between CHIRPS and gauge over the four agro-ecological zones are represented in Figure 5 . CHIRPS is observed to capture the seasonal rainfall patterns in the agro-ecological zones considerably well (see Figure 5 (a) and Figure 5(b) ). However, from the mean difference in Figure 5 
Mean Seasonal Rainfall Variability in Ghana
The mean seasonal rainfall patterns over Ghana are shown in Figure 6 
Trends of Rainfall Indices in Ghana
In this section, the rainfall indices namely, CWD, CDD, R10 mm, R20 mm and PRCPTOT were computed with the aid of the FClimDex software over the four agro-ecological zones of the country. Thereafter, the trends and significance of these trends were further tested. The results for these analyses are discussed in this section. Figure 7 year) of consecutive dry days throughout the period of investigation similar to observations in [17] . The significance of these trends were further investigated and observed to be significant in all agro-ecological zones at a confidence interval of 95%.
Trend Analysis of Consecutive Dry Days (CDD)
Trend Analysis of Consecutive Wet Days (CWD)
CWD is defined as the annual count of the maximum number of consecutive days with rainfall values > 1 mm [17] . 
Trend Analysis of Number of Heavy Rainfall Days (R10 mm)
The number of heavy rainfall days is the annual count of days when the rainfall values are >10 mm. From Figure 9 , it is observed that, both the Savannah and 
Trend Analysis of Number of Very Heavy Rainfall Days (R20 mm)
The number of very heavy rainfall which defines the annual count of days when the rainfall values are >20 mm is observed to show weak increasing trends in all agro-ecological zones except in the Transition zone of the country (see Figure   10 ). These findings support results reported in [17] . The number of very heavy rainfall is observed to show a steady trend in the Transition zone of the country. 
Trend Analysis of Annual Wet-Day Rainfall Total (PRCPTOT)
The annual wet-day rainfall total is the annual total number of days when rainfall is >1 mm. From Figure 11 , it is observed that the annual wet day rainfall totals have increasing trend in the Savannah and Forest zones of the country whereas decreasing trends dominate the remaining zones which is in consistence with findings in [17] . The increasing trends are more pronounced in the Savannah zone (1.268 mm per year) followed by the Forest zone (1.088 mm per year) whilst the decreasing trend is more pronounced in the Coastal zone (−1.308 mm per year) followed by the Transition zone (−0.987 mm per year).
Conclusions
The seasonal and annual rainfall variability over the four agro-ecological zones of Ghana has been analyzed in this study using the satellite-based CHIRPS V2 CHIRPS is observed in the JJA season to greatly over-estimate gauge in the Savannah zone. The CHIRPS satellite rainfall data revealed diverse performance depending on the season and location.
The mean seasonal rainfall climatology over the country is observed to be in The trend analysis revealed positive trends of CDD in the Transition, Forest and Coastal zones and a negative trend in the Savannah zone of the country. Decreasing trends of consecutive wet days are observed over the Savannah, Transition and Coastal zones whereas increasing trends are observed in the Savannah zone of the country. Weak increasing trends in the number of very heavy rainfall days are observed all over the agro-ecological zones except in the Transi-tion zone. It is observed that the annual wet day rainfall total have increasing trend in the Savannah and Forest zones of the country whereas decreasing trends dominate the remainder of the zones which is consistent with findings in [9] .
The findings in this study have adverse effects on rain-fed agricultural practices, water resource management and food security over the country.
